During positive selection, thymocytes transition through a stage during which T cell antigen receptor (TCR) signaling controls CD4-versus-CD8 lineage 'choice' and subsequent maturation. Here we describe a previously unknown T cell-specific protein, Themis, that serves a distinct function during this stage. In Themis -/-mice, thymocyte selection was impaired and the number of transitional CD4 + CD8 int thymocytes as well as CD4 + or CD8 + single-positive thymocytes was lower. Notably, although we detected no overt TCR-proximal signaling deficiencies, Themis -/-CD4 + CD8 int thymocytes showed developmental defects consistent with attenuated signaling that were reversible by TCR stimulation. Our results identify Themis as a critical component of the T cell developmental program and suggest that Themis functions to sustain and/or integrate signals required for proper lineage commitment and maturation.
In addition to their function in thymocyte selection, signals transduced by the T cell antigen receptor (TCR) promote the transition of CD4 + CD8 + double-positive (DP) thymocytes to the CD4 -CD8 + (CD8SP) and CD4 + CD8 -(CD4SP) stages and regulate CD4-versus-CD8 lineage commitment 1 . Although the importance of TCR signaling in each of these steps has been established, the precise mechanisms that control DP thymocyte differentiation and CD4-versus-CD8 lineage 'choice' have yet to be fully defined. A current model proposes that interactions between the TCR (plus CD8 or CD4) and either major histocompatibility complex (MHC) class I or MHC class II molecules generate developmentally equivalent signals that drive the maturation of DP thymocytes to the CD4 + CD8 int stage without directing CD4-versus-CD8 lineage commitment 2 . According to this model, lineage 'choice' is subsequently dictated by signal intensity or duration, with stronger or more persistent signaling by MHC class IIrestricted TCRs plus CD4 promoting commitment to the CD4 lineage, and attenuated or interrupted signaling by MHC class I-restricted TCRs in the absence of CD8 costimulation (as a consequence of CD8 downregulation) promoting commitment to the CD8 lineage.
A central tenet of that model is that the maturation of DP thymocytes into SP thymocytes requires the sequential induction and activation of two classes of effectors: those that function mainly to promote positive selection and/or developmental progression, and those that regulate CD4-versus-CD8 lineage determination. Indeed, experimental data have largely supported this paradigm. The transcription factors GATA-3, Tox, Egr-1 and c-Myb are induced and/or regulated by TCR signaling in DP thymocytes and are important for positive selection and the transition of DP thymocytes to the CD4 + CD8 int stage but do not directly regulate CD4-versus-CD8 lineage commitment 1, 3, 4 . In contrast, the transcription factors ThPOK and Runx3 are first expressed at the CD4 + CD8 int stage and are not required for the transition from DP to CD4 + CD8 int but instead function as essential mediators of CD4 and CD8 lineage 'choice' , respectively 1, 3, 5 . As the distinguishing factor in CD4-versus-CD8 lineage 'choice' (that is, signal intensity and/or duration) is by definition quantitative, it is also presumed that quantitative differences in signal output 'translate' into the qualitative changes in gene expression needed to direct lineage 'choice' . GATA-3 seems to serve such a function, as its expression is regulated differently by TCR signaling in MHC class I-restricted and MHC class II-restricted CD4 + CD8 int thymocytes 6 and GATA-3 is required for expression of ThPOK 7 . However, in the absence of GATA-3, ThPOK is unable to direct the maturation of CD4 + CD8 int thymocytes into CD4SP thymocytes, which indicates that additional, as-yet-undefined factors are required for CD4 lineage differentiation 7 .
In this report, we present the identification and initial characterization of a previously unknown T cell-specific protein, Themis. Themis was highly conserved in all vertebrate species and was present in the nucleus, yet it lacked an identifiable catalytic domain. Themis -/-mice showed a late block in thymocyte selection characterized by fewer CD4 + CD8 int , CD4SP and CD8SP thymocytes. Although we detected no proximal TCR signaling defect in Themis -/-thymocytes, CD4 lineage commitment and maturation was compromised in a way consistent with signal attenuation, which suggests that Themis is involved at a distal point in the TCR signaling cascade. Our results indicate that Themis functions to integrate or sustain TCR signaling in © 2009 Nature America, Inc. All rights reserved.
CD4 + CD8 int thymocytes and demonstrate that this ability is critical for appropriate lineage commitment as well as the development of CD4SP and CD8SP thymocytes.
RESULTS

Identification and cloning of E430004N04Rik (Themis)
To search for genes that may be important for T cell development, we did cDNA subtraction with mRNA from multipotent progenitor and T cell lineage-committed fetal liver CD4 -CD8 -double-negative (DN) thymocyte subsets. One cDNA clone obtained from the subtraction screen (E430004N04Rik) encoded a previously unknown protein, and we chose this for further analysis. In a consensus reached by the three groups publishing in this issue, E430004N04Rik was named Themis (for 'thymus-expressed molecule involved in selection') 38, 39 .
The mouse Themis cDNA clone contained an open reading frame encoding a 636-amino acid protein ( Fig. 1a and Supplementary Fig. 1 ). The corresponding human cDNA (C6orf190) encoded a protein that shared 80% overall identity with the mouse protein ( Fig. 1a and Supplementary Fig. 1 ). Alignment of orthologous vertebrate sequences identified two highly conserved motifs: a bipartite nuclear-localization signal (KRX 12 KRRPR, where 'X 12 ' is twelve residues of any amino acid), and a carboxy-terminal proline-rich site (PPPRPPKXP, where 'X' is any amino acid) that matches an MHC class II Src homology 3 recognition motif (PxxPx+, where 'x+' is any amino acid with a positive charge 8 ; Supplementary Fig. 1 ). Several other conserved regions of unknown function were detected, but no potential catalytic domains were identified. A BLAST search identified two related mouse proteins: BC013712 (Icb-1), which is selectively expressed in B cells, and 9130404H23Rik, which is selectively expressed in the intestine ( Supplementary Fig. 2 and data not shown).
Themis mRNA was present in the thymus and in secondary lymphoid tissues (lymph nodes and spleen) but not in bone marrow or nonymphoid tissues (Fig. 1b) . We detected Themis in all thymocyte subsets and in all mature T cells, including both CD4SP and CD8SP ab T cells and gd T cells, but not in B cells or natural killer cells (Fig. 1c) . In addition, Themis protein quantities were equivalent in wild-type and TCRa-deficient thymocytes (Fig. 1c) , which indicated that TCR signaling is not required for Themis expression. Intracellular staining demonstrated that Themis expression was highest in DP thymocytes and was downregulated in SP thymocytes ( Fig. 1d and data not shown).
We detected Themis in both the nucleus and cytoplasm in thymocytes ( Supplementary Fig. 3 ). Although Themis was tyrosine-phosphorylated after TCR crosslinking (data not shown), protein expression and nuclear versus cytoplasmic partitioning were unaffected after TCR stimulation ( Supplementary Fig. 3 ). The nuclear-localization signal was required © 2009 Nature America, Inc. All rights reserved. for nuclear importation and retention, as Themis variants in which either the animo-or carboxy-terminal conserved nuclear-localization signal sequences were altered were not detected in the nucleus (data not shown). Using a Src homology 3 domain array screen, we identified the cytoplasmic adaptor Grb2 as a potential Themis binding partner. Coimmunoprecipitation experiments demonstrated that Themis bound Grb2 but not the related family members Gads or Grap (Supplementary Fig. 3 and data not shown). Although the association of Themis with Grb2 did not require TCR stimulation, we consistently detected more Themis-Grb2 association in thymocytes subjected to TCR crosslinking (data not shown); these findings suggest that the Themis-Grb2 interaction may be mediated by both the Src homology 2 and Src homology 3 domains of Grb2.
Blockade in late T cell development in Themis -/-mice To evaluate the function of Themis in T cell development, we deleted exon 1 of Themis by homologous recombination in embryonic stem cells ( Supplementary Fig. 4 ). Themis mRNA and Themis protein were undetectable in thymocytes from Themis -/-mice ( Supplementary  Fig. 4 and data not shown), which confirmed that the induced mutation resulted in a null allele. Themis -/-mice were viable and fertile and showed no overt signs of immune deficiency. Thymus size and cellularity were similar in Themis +/+ , Themis +/-and Themis -/-mice ( Supplementary Fig. 5 ). Immature DN thymocyte subsets and total DN as well as DP thymocyte percentages and numbers were similar in Themis -/-and control littermates ( Fig. 2a and Supplementary  Fig. 5 ), which indicated that Themis is not required for b-selection or for maturation from the DN to the DP stage. Moreover, surface expression of the TCR and of the maturation and activation markers CD2, CD24, CD5 and CD69 was similar on Themis +/+ and Themis -/-© 2009 Nature America, Inc. All rights reserved. Fig. 5 and data not shown). However, Themis -/-mice had fewer CD4SP and CD8SP thymocytes than did their Themis +/+ and Themis +/-littermates ( Fig. 2a and data not shown). In addition, CD4SP thymocyte differentiation was markedly impaired in Themis -/-mice, as the ratio of mature (CD24 lo ) to immature (CD24 hi ) TCR hi CD4 + thymocytes was much lower (Fig. 2) . By the same criteria, CD8SP differentiation seemed less severely affected (Fig. 2c) . Themis -/-mice had fewer peripheral CD4 + and CD8 + T cells, and a higher percentage of their T cells had a memory phenotype (CD44 hi CD62L lo ), possibly due to lymphopenia-driven population expansion ( Fig. 2b and Supplementary Fig. 5 ). Themis +/+ and Themis -/-peripheral T cells showed similar proliferative responses to TCR crosslinking ( Supplementary Fig. 5 ), which indicated that low numbers of mature, functional T cells can be generated in the absence of Themis. Evaluation of other T lymphoid populations showed that Themis was not essential for the development of gd T cells, natural killer T cells or regulatory T cells, although CD4 + regulatory T cell numbers were significantly lower in Themis -/-mice (P o 0.05; Supplementary Fig. 5 ).
DP thymocytes (Supplementary
To determine if the developmental defect in Themis -/-mice was T cell autonomous, we generated chimeric mice by injecting a mixture of Themis -/-(CD45.2 + ) bone marrow cells and C57BL/6 (CD45.1 + ) bone marrow cells at a ratio of 4:1 into irradiated C57BL/6 (CD45.1 + ) congenic mice. Thymocytes derived from Themis -/-bone marrow had a phenotype identical to that of thymocytes in germline Themis -/-mice ( Supplementary Fig. 6 ). This demonstrates that the defect was T cell intrinsic.
Themis is required for positive selection
The lower number of SP but not DP thymocytes in Themis -/-mice suggested a block in positive selection. To evaluate positive selection, we introduced MHC class I-restricted (H-Y) and MHC class II-restricted (AND) ab TCR transgenes into the Themis -/-background. In conditions that promoted positive selection, DP thymocytes in H-Y Themis -/-and AND Themis -/-mice showed normal induction of the expression of CD69 and CD5 (Fig. 3a and data not shown) . However, H-Y Themis -/-and AND Themis -/-mice had significantly fewer CD8SP and CD4SP thymocytes, respectively, than did their corresponding TCR-transgenic Themis +/-littermates (Fig. 3a) . Thus, Themis -/-DP thymocytes were able to initiate but not complete positive selection. DP thymocyte numbers were higher in all TCR-transgenic Themis -/-mice than in TCR-transgenic Themis +/-control mice (Fig. 3a) , which suggested that the decrease in SP thymocytes was caused by a block in positive selection rather than conversion to negative selection.
We also evaluated thymocyte selection by comparing gene expression in CD69 + thymocytes from Themis +/-and Themis -/-mice. Microarray profiling showed substantial differences in the expression of 132 genes ( Supplementary Fig. 7 ). Among those were 17 genes shown before to be transcriptionally regulated (either induced or repressed) during positive selection 9, 10 . The change in expression of these genes in Themis -/-versus Themis +/-thymocytes was also suggestive of a block in positive selection ( Supplementary Fig. 8 ).
To evaluate negative selection, we analyzed thymocytes from male H-Y TCR-trangenic mice, which undergo early deletion at the DN or © 2009 Nature America, Inc. All rights reserved. DP stage in the presence of a male-specific self antigen 11 . Thymocyte numbers were much lower in male H-Y Themis -/-mice than in their corresponding H-Y female littermates (Fig. 3b) , which demonstrates that H-Y TCR + thymocytes are negatively selected in the absence of Themis. However, the percentage of DP thymocytes was consistently higher in male H-Y Themis -/-mice than in male H-Y Themis +/-mice ( Fig. 3b) , which suggests that negative selection occurs less efficiently in the absence of Themis. In addition, the deletion of V b 8 + CD4SP thymocytes but not V b 8 + CD8SP thymocytes induced by the 'superantigen' staphylococcus enterotoxin B was impaired in the absence of Themis ( Supplementary Fig. 9 ), which suggests a requirement for Themis in late negative selection of CD4SP thymocytes.
Fewer CD4 + CD8 int thymocytes in Themis -/-mice To identify the point at which thymocyte development is first affected in Themis -/-mice, we stained total thymocytes with antibody to CD3 (anti-CD3) and anti-CD69 (Fig. 4a) . The numbers of CD3 lo CD69 -cells and CD3 int CD69 + cells, which represent preselection DP thymocytes and DP thymocytes at the initial stage of positive selection, respectively, were normal in Themis -/-mice (Fig. 4a) . However, the numbers of CD3 hi CD69 + and CD3 hi CD69 -thymocytes, which include mainly immature and mature SP thymocytes, respectively, were lower (Fig. 4a) . After initiation of positive selection, DP thymocytes pass through a CD4 + CD8 int transitional stage before committing to either the CD4 lineage or the CD8 lineage 2,12-14 . The number of (CD3 hi ) CD4 + CD8 int cells was lower in Themis -/-mice, but the number of their precursors, CD69 + DP thymocytes, was not (data not shown). We confirmed the lower number of CD4 + CD8 int thymocytes in MHC class II-deficient (I-A b -deficient; H2-Ab1 -/-) Themis -/-mice (Fig. 4b) , in which, because of the absence of mature CD4SP thymocytes, the CD4 + CD8 int thymocyte population is highly enriched for transitional cells 2 .
To determine if a similar defect could be found in vitro, we did a two-stage differentiation assay 15 . Although antibody stimulation of purified Themis -/-DP thymocytes resulted in normal upregulation of CD69, downregulation of CD8 was impaired and fewer CD4 + CD8 int cells were generated in the recovery culture (Fig. 4c and data not  shown) . These findings point to a defect in the generation or survival of CD4 + CD8 int thymocytes. Expression of the prosurvival proteins Bcl-2 and Bcl-x L was unaffected in Themis -/-DP and CD4 + CD8 int thymocytes, and we found no survival defect during in vitro culture ( Supplementary Fig. 10 ). In addition, staining with the proliferation marker Ki67 and the DNA-intercalating dye DAPI demonstrated that there were no obvious cell cycle abnormalities in Themis -/-thymocyte subpopulations ( Supplementary Fig. 10) . Notably, CD8SP thymocytes and T cells in Themis -/-mice had higher surface expression of CD8 than did comparable populations from Themis +/+ mice (Supplementary Fig. 11 and data not shown) . However, as deletion of CD8 did not restore CD4SP development in Themis -/-mice, the lower number of CD4SP thymocytes could not be attributed to a defect in CD8 downregulation ( Supplementary Fig. 11 ).
Signaling defect in Themis -/-CD4 + CD8 int thymocytes The block in selection in Themis -/-mice indicated a defect in TCR signaling; however, Themis -/-DP thymocytes expressed normal surface quantities of the activation markers CD5 and CD69 ( Fig. 3a and Supplementary Fig. 5 ) and we found no impairment in the activation and signaling responses of Themis -/-DP thymocytes, even when we varied stimulation conditions ( Supplementary Fig. 12 and data not shown). In contrast to DP thymocytes, CD4 + CD8 int thymocytes from Themis -/-mice had lower expression of CD5 and CD69 than did © 2009 Nature America, Inc. All rights reserved. corresponding cells from Themis +/+ mice (Fig. 5a ). In addition, surface expression of the interleukin 7 (IL-7) receptor, which is also directly regulated by TCR signal intensity 16, 17 , was lower on Themis -/-CD4 + CD8 int thymocytes (Fig. 5a ). Surface TCR (CD3e) expression was equivalent on CD4 + CD8 int thymocytes from Themis +/+ and Themis -/-mice; thus, the lower expression of CD5 and CD69 could not be attributed to lower surface TCR quantities (Fig. 5a) .
Crosslinking of TCRs on CD4 + CD8 int thymocytes from Themis -/-mice elicited normal Ca 2+ flux and normal phosphorylation of the kinases Zap70 and Erk (Supplementary Fig. 12 ). Thus, as in DP thymocytes, proximal TCR signaling responses did not seem to be affected in Themis -/-CD4 + CD8 int thymocytes. As TCR signaling seemed qualitatively normal in Themis -/-thymocytes, we considered the possibility that signal intensity or duration may have been affected. CD4 thymocyte maturation is critically dependent on strong and/or persistent signaling 1, 18, 19 , and attenuation or cessation of TCR signaling at the CD4 + CD8 int stage results in the 'redirection' of MHC class II-restricted thymocytes into the CD8 + lineage 2, 20 . To determine if lineage 'redirection' occurs in the absence of Themis, we generated MHC class I-deficient (b 2 -microglobulin-deficient; B2m -/-) Themis -/-mice (Fig. 5b) . Notably, CD3 hi CD8SP thymocytes were present in B2m -/-Themis -/-mice but not in control B2m -/-Themis +/+ mice (Fig. 5b) . Most of these CD8SP thymocytes were TCR hi CD69 + (Fig. 5b) , which indicates that they received positively selecting signals by interaction with self peptide-MHC class II complexes but were subsequently 'redirected' to the CD8 lineage.
A critical endpoint of TCR signaling during positive selection is the regulated expression of nuclear factors that control thymocyte differentiation and CD4-versus-CD8 lineage commitment. The transcription factors Tox and Egr-1, which are induced in DP thymocytes by TCR engagement during thymocyte selection 21, 22 , were expressed in similar quantities in CD69 + thymocytes from Themis +/+ and Themis -/-mice (Fig. 6a) . However, GATA-3 and ThPOK, transcription factors selectively required for CD4SP thymocyte development 6, 23, 24 , were present in much smaller amounts in Themis -/-CD69 + thymocytes (Fig. 6a) . In wild-type thymocytes, GATA-3 was induced in CD69 + DP cells and was then further upregulated in a subset of CD4 + CD8 int thymocytes that were undergoing CD4 lineage differentiation 6 (Fig. 6b) . Notably, GATA-3 was upregulated normally in CD69 + DP thymocytes from Themis -/-mice (Fig. 6b) . However, Themis -/-CD69 + CD4SP thymocytes did not contain a GATA-3 hi population (Fig. 6b) . ThPOK is first expressed in CD4 + CD8 int thymocytes and is specific to cells that are undergoing CD4 lineage differentiation 24 . Like GATA-3, ThPOK was induced in Themis -/-CD69 + CD4SP thymocytes; however, its expression was lower than that in Themis +/+ CD69 + CD4SP thymocytes (Fig. 6c) .
CD4SP differentiation restored by TCR crosslinking
As ThPOK and GATA-3 are both induced by TCR signaling 6, 25 , their lower expression in Themis -/-CD4 + CD8 int thymocytes could be a consequence of attenuated TCR signaling. Alternatively, Themis could be required specifically for the expression of GATA-3 and/or ThPOK at the CD4 + CD8 int stage. To determine if normal expression of GATA-3 and ThPOK could be restored in Themis -/-thymocytes by enhanced TCR signaling, we injected H2-Ab1 -/-Themis -/-with anti-TCRb. CD4 + CD8 int thymocytes in H2-Ab1 -/-mice had low expression of GATA-3 and ThPOK, and CD4SP thymocytes were not generated in these mice (Fig. 7a,b) . However, in vivo stimulation with anti-TCRb induces ThPOK expression and CD4SP differentiation 25, 26 . At 4 d after injection, antibody-treated Themis +/+ and Themis -/-mice had similar numbers of CD4SP thymocytes, which had high and similar expression of CD5 and CD69 (Fig. 7a,b and data not shown) . Notably, GATA-3 and ThPOK were strongly induced and their expression was similar in Themis +/-and Themis -/-thymocytes (Fig. 7c ). These findings demonstrate that enhanced TCR signaling can reverse the transcriptional defects caused by Themis deficiency.
To determine if the block in CD4SP thymocyte development in Themis -/-mice could be reversed by the restoration of high GATA-3 expression in CD4 + CD8 int thymocytes, we introduced a T cell lineagespecific GATA-3 transgene into the Themis -/-background. Although GATA-3 expression was increased to the high-normal range in GATA-3-transgenic Themis -/-CD4 + CD8 int thymocytes ( Supplementary Fig. 13 ), the block in CD4SP thymocyte development was neither reversed nor alleviated (Fig. 8a) . In addition, despite the restoration of high GATA-3 expression, ThPOK expression was not induced in GATA-3-transgenic Themis -/-CD69 + thymocytes ( Supplementary Fig. 13 ). Forced expression of ThPOK also failed to alleviate the CD4SP developmental block in Themis -/-mice, even though overexpression of ThPOK blocked the development of CD8SP thymocytes (Fig. 8b) . Thus, Themis -/-thymocytes responded to the CD8 lineage-inhibiting effects of ThPOK, but ThPOK was unable to 'rescue' the block in CD4 lineage development. These findings collectively indicate that the lower expression of GATA-3 and ThPOK is due to less TCR signaling in Themis -/-CD4 + CD8 int thymocytes and suggest that the defect in CD4SP maturation is due to the defect in TCR signaling rather than solely to a specific defect in the expression of GATA-3 or ThPOK.
Impaired survival of Themis -/-CD8SP thymocytes To determine if the block in CD8SP maturation in Themis -/-mice is associated with a transcriptional defect, we examined expression of Runx3 and c-Myb, transcription factors whose upregulation or downregulation, respectively, is important for CD8SP development 27, 28 . Notably, Themis was not required for appropriate regulation of © 2009 Nature America, Inc. All rights reserved. Runx3 and c-Myb in MHC class I-restricted CD69 + thymocytes (Supplementary Fig. 14) . These findings are consistent with published data indicating that strong and/or sustained TCR signaling is not critical for the regulated expression of transcription factors that control CD8 development 20 . Although CD8SP thymocyte differentiation does not require strong and/or sustained TCR signaling, both CD4 + CD8 int and immature CD8SP thymocytes are still dependent on TCR signals for survival through the direct induction of Bcl-2 and the induction of IL-7 receptor expression 2, 29, 30 . To determine if CD8SP development could be restored in Themis -/-mice through the promotion of cell survival, we introduced a Bcl-2 transgene into Themis -/-mice. Notably, the Bcl-2 transgene increased the number of CD4 + CD8 int and CD8SP thymocytes to a similar extent in Themis -/-mice and in control Themis +/-mice (Fig. 9) . As expected, the Bcl-2 transgene was not sufficient to restore CD4SP development in Themis -/-mice (Fig. 9b) . IL-7 receptor signaling was not impaired in the absence of Themis, as the addition of IL-7 increased the survival of Themis -/-immature CD8SP thymocytes during in vitro culture (data not shown). Collectively, the results reported above indicate that the lower number of CD4 + CD8 int and CD8SP thymocytes in Themis -/-mice is caused by a survival defect secondary to attenuated TCR signaling.
DISCUSSION
In this study, we have reported the identification and initial characterization of Themis, a previously unknown T cell-specific protein identified by subtractive cloning. Structurally, Themis most closely resembles an adaptor or linker because of the absence of a defined catalytic domain. Themis contains a proline-rich motif that mediated its constitutive association with the ubiquitous adaptor protein Grb2. Grb2 regulates signaling by the mitogen-activated protein kinases p38 and Jnk in thymocytes, and negative selection is compromised in Grb2 +/-mice 31 ; thus, Themis might regulate Grb2 function in thymocytes. However, we found no defect in the activation of Jnk or Erk in Themis -/-thymocyes, and the developmental block was not exacerbated in Themis -/-Grb2 +/-mice (data not shown). Thus, the physiological importance of the Themis-Grb2 association remains to be elucidated.
Themis -/-mice showed two notable defects in late thymocyte development. First, the number of transitional CD4 + CD8 int thymocytes was significantly lower. As transitional CD4 + CD8 int thymocytes include precursors of both the CD4 and CD8 lineage 2, [12] [13] [14] , their lower numbers in Themis -/-mice provide an explanation for the lower numbers of both CD4SP and CD8SP thymocytes as well as peripheral T cells. Second, CD4 + CD8 int thymocytes from Themis -/-mice were impaired in their ability to differentiate into mature CD4SP or CD8SP thymocytes. Although forced expression of Bcl-2 restored normal numbers of CD4 + CD8 int and CD8SP thymocytes in Themis -/-mice, CD4SP development was not restored by Bcl-2, which demonstrates defects in Themis -/-CD4 + CD8 int thymocytes beyond cell survival.
Despite intensive investigation, we were unable to attribute the block in development to lower activation of any specific signaling effector or transcription factor. Several genes known to be regulated during positive selection had altered expression patterns in Themis -/-CD69 + thymocytes, and the change in their expression (up or down) relative to that in Themis +/-thymocytes was most consistent with developmental immaturity. The apparent discrepancy between the phenotype of Themis -/-thymocytes and the lack of a proximal TCR signaling defect could indicate that Themis is required for the transduction of non-TCR-mediated signals that are important for CD4SP thymocyte maturation. However, no defects in chemotaxis, integrin-dependent adhesion, or signaling by the IL-7 receptor, Wnt or Notch were discernable in Themis -/-thymocytes (data not shown). The finding that augmented TCR signaling was able to restore normal expression of GATA-3 and ThPOK in Themis -/-thymocytes indicates that if there is a defect in a parallel signaling pathway, it can be bypassed by enhancing TCR signaling. An alternative explanation that we favor is that Themis functions 'downstream' of the TCR to integrate or sustain TCR signals. Themis is present in the nucleus, which indicates that it could regulate the activity or expression of nuclear factors involved in SP thymocyte development. Sustained signaling has been shown to be essential for CD4SP thymocyte development 1, 18, 19 , and CD4SP thymocyte maturation was more severely affected in Themis -/-mice than was CD8SP development. Although profound, the block in CD4SP thymocyte development was not absolute, which suggests that compensatory factors such as an increase in the affinity of the positively selected repertoire may facilitate the development of low numbers of CD4SP in Themis -/-mice. Consistent with attenuated signaling, MHC class II-restricted CD4 + CD8 int thymocytes from Themis -/-mice had lower surface expression of CD5 and CD69 and showed defects in the induction of GATA-3 and ThPOK, both of which are regulated by TCR signaling 6, 25 . In addition, MHC class II-restricted Themis -/-CD4 + CD8 int thymocytes were 'redirected' to the CD8 lineage, an event that has been directly linked to TCR signal attenuation 1, 2, 20 . The restoration of CD8 development in Themis -/-mice by overexpression of Bcl-2 suggests that the main effect of attenuated signaling on MHC class I-restricted Themis -/-CD4 + CD8 int thymocytes is lower cell survival, presumably due to suboptimal induction of Bcl-2. The finding that Bcl-2 expression was normal in Themis -/-CD4 + CD8 int thymocytes does not exclude that possibility, as cells that fail to normally induce Bcl-2 would presumably undergo apoptosis and be rapidly cleared in the thymus.
The 'redirection' of MHC class II-restricted Themis -/-thymocytes to the CD8 lineage demonstrates that the block in thymocyte development occurs before CD4 lineage commitment. In support of this contention is the finding that although forced expression of ThPOK did not reverse the block in CD4 development, it effectively blocked CD8 lineage commitment and development in Themis -/-mice. We noted a similar effect when we introduced a ThPOK transgene into mice with conditional inactivation of GATA-3 at the DP stage, which demonstrates that ThPOK can antagonize CD8SP development independently of GATA-3 (ref. 7) .
As in Themis -/-mice, thymocyte development is also blocked before CD4-versus-CD8 lineage commitment in both Tox -/-mice and mice with conditional inactivation of GATA-3 at the DP stage 7, 32 . There is lineage 'redirection' in all three types of knockout mice, albeit to different extents, and in all three, CD4 development is affected to greater extent than is CD8 development. However, whereas transitional CD4 + CD8 int thymocytes are fewer in number in Themis -/-and mice with conditional inactivation of GATA-3 at the DP stage, they are absent from Tox -/-mice, which suggests that Tox may function at a point in the transition from DP to CD4 + CD8 int that precedes the activity of GATA-3 or Themis 7, 32 . As with Themis -/-mice, there is no defect in proximal TCR signaling in Tox -/-DP thymocytes, which indicates that both proteins function at more distal points in the signaling cascade 32 .
The identification of a specific function for Themis in the transition from DP to CD4 + CD8 int , together with a large and accumulating list of other nuclear factors involved in this transition, underscores the importance of this stage of thymocyte maturation. The complex array of participating factors is perhaps not unexpected, given that both thymocyte selection and CD4-versus-CD8 lineage 'choice' occur simultaneously during this transition. Additional studies aimed at identifying the function of Themis at the cellular level should aid in elucidating the signaling pathways that regulate the developmental transition of immature DP thymocytes into mature, functional T cells.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
Note: Supplementary information is available on the Nature Immunology website.
